We report on the materials interaction of gadolinium doped ceria (GDC) and yttria stabilized zirconia (YSZ) in the context of high temperature sintering during manufacturing of anode supported solid oxide fuel cells (AS-SOFC). While ceria-based anodes are expected to show superior electrochemical performance and enhanced sulfur and coking tolerance in comparison to zirconia-based anodes, we demonstrate that the incorporation of a Ni-GDC anode into an ASC with YSZ electrolyte decreases the performance of the ASC by approximately 50% compared to the standard Ni-YSZ cell. The performance loss is attributed to interdiffusion of ceria and zirconia during cell fabrication, which is investigated using powder mixtures and demonstrated to be more severe in the presence of NiO. We examine the physical properties of a GDC-YSZ mixed phase under reducing conditions in detail regarding ionic and electronic conductivity as well as reducibility, and discuss the expected impact of cation intermixing between anode and electrolyte. * The stack reached 70.000 hours of operation in 2016 and is still running, having reached more than 80.000 hours of operation in 2017.
Introduction
Solid oxide cells are electrochemical energy conversion devices that can convert hydrogen or hydrocarbon fuels into electricity (fuel cell, SOFC) or vice-versa (electrolysis cell, SOEC). Typical operation temperatures for anode supported cells (ASC) are 700°C in fuel cell mode and 800°C in electrolysis mode. 1 ASC stacks operated at 700°C with stainless steel interconnects have demonstrated high power densities (>1 W/cm 2 at 0.7 V) 2 and excellent stability (>80.000 h operation time * ) using humidified hydrogen as fuel and laboratory air as oxidant. 3 Since the operating temperature is high enough for internal reformation of hydrocarbon fuels into CO 2 and H 2 in the anode substrate, the fuel flexibility of SOFCs makes them attractive as a transition technology on the road toward a sustainable, low-emission energy supply. One environmentally friendly approach is to use SOFCs to convert bio-fuels into electricity, effectively reducing the CO 2 emission to zero. However, bio-fuels can include significant amounts of sulfur-containing compounds or tars such as phenyl or naphthalene. A well-known degradation effect of the commonly-used Ni-YSZ anode is the poisoning of the anode by sulfur deposition or carbon deposition (coking). 4, 5, 6, 7 The sulfur atoms show a propensity towards deposition at the three-phase boundaries (TPB) in the anode, leading to a fast performance degradation, while massive coking can block the gas diffusion in the anode substrate in addition to blocking the TPBs. To improve the stability toward sulfur poisoning and cooking, Ni-GDC anodes have been suggested. 8, 9, 10, 11, 12 Since a fraction of Ce 4+ ions reduce to Ce 3+ ions in the fuel gas, the electronic conductivity of GDC under anode conditions extends the TPBs and increases the active area of the anode, mitigating the effect of coking and sulfur deposition.
Both ceria and zirconia crystallize in the fluorite structure and show complete miscibility. 13 Ceria-zirconia solid solutions are a popular oxygen storage material, since the oxygen storage capacity of CeO 2 -ZrO 2 is increased compared to pure CeO 2 . 14 However, the increased storage capacity (reducibility) is accompanied by a decrease of the ionic conductivity of CeO 2 -ZrO 2 solid solutions as well as mixtures of doped ceria and zirconia. 15, 16, 17 Since GDC interlayers are routinely used in SOFCs to avoid the reaction between Sr-containing cathodes like La 1-x Sr x Co 1-y Fe y O 3- (LSCF) and the zirconia electrolyte, the effect of GDC-YSZ intermixing on the air side of SOFCs is well studied. 18, 19, 20, 21, 22, 23 However, dedicated investigations to elucidate the influence of an YSZ-GDC mixed phase under the reducing conditions of the fuel gas remain scarce.
In this paper, we examine the decreased power density of an anode supported SOFC that uses Ni-GDC instead of the Ni-YSZ anode. Our investigation focuses on the materials interaction between the GDC in the anode and the YSZ of the electrolyte and anode support during the fabrication process. Based on investigations of the conductivity in both air and Ar/H 2 atmosphere as well as the reducibility of GDC-YSZ mixed phases, we suggest that the decreased power density of the cell with a Ni-GDC anode is caused by interdiffusion of the Zr-and Ce-phases during the high temperature sintering of the electrolyte and the concomitant loss of ionic conductivity.
Experimental

Cell fabrication and powder preparation
The NiO-YSZ anode support was fabricated using tape casting as described in detail elsewhere, and presintered at 1230°C in air. 24, 25 The powders used for the interdiffusion study were identical to those used for cell fabrication. In a first experiment, equal weight percentages of 8YSZ (Tosoh, Japan) and 20GDC (Treibacher Industries, Austria) powder were mixed and ball milled in ethanol with zirconia balls for 24 hours. The particle sizes of both primary powders were very similar after ball milling: d 10 = 0.58 µm, d 50 = 0.64 µm, d 90 = 0.75 µm and d 10 = 0.5 µm, d 50 = 0.71 µm, d 90 = 0.99 µm for 20GDC and 8YSZ, respectively. In a second experiment, equal weight percentages of 20GDC, 8YSZ and NiO were ball milled together to assess the influence of NiO on the interdiffusion of 20GDC and 8YSZ. After drying, the mixtures were uniaxially pressed into pellets and sintered at different temperatures for 5h in air. The sintering time was chosen to mimic the exact sintering conditions of anode supported cells, which necessitate a sintering temperature of 1400°C for 5 hours to densify the electrolyte and achieve the desired shrinkage of the anode substrate.
Cell testing
Cell performance was investigated in a test bench at the Institute for Applied Materials (IAM-WET), KIT, described by Timmermann et al. 26 The cells were contacted with Ni-mesh on anode side and Au-mesh on cathode side, respectively. After a defined heat-up and reduction procedure, current-voltage characteristics were recorded at 820°C using laboratory air (1000 sccm) as oxidant and dry hydrogen (1000 sccm) as fuel.
X-ray diffraction (XRD)
X-ray diffraction measurements on powder mixtures were performed using a Bruker D4 diffractometer.
Powder mixtures were ball-milled prior to uniaxial pressing, and sintered at temperatures between 1000°C and 1400°C for 5 hours. The phase composition was analyzed using a combination of a polynomial fit to determine the position of diffraction lines, and a subsequent Rietveld refinement method.
X-ray photoelectron spectroscopy (XPS)
XPS was performed in a VersaProbe photoelectron spectrometer (Physical Electronics) utilizing a monochromated Al K  source and a hemispherical photoelectron analyzer with a pass energy of E pass = 23 eV. In order to remove surface carbonate contamination without a heat treatment that would oxidize the sample surface, ceramic samples were polished on fine grained sand paper prior to analysis and cleaned with ethanol. It is not expected that this pre-treatment induces artifacts into the measurement.
An electron flood gun was used to provide charge neutralization for insulating samples. Where neutralization was insufficient, the charging effect was corrected for by using the binding energy of the Zr 3d doublet. XPS spectra were evaluated using the CasaXPS software package.
4-point conductivity
Electrical conductivity in air and Ar/H 2 was investigated using a custom-built setup inside a tube furnace.
Conductivity experiments were performed on ceramic bars after sintering at 1400°C for 5 h in air. The density of the sintered bodies was investigated using the Archimedes method and cross-sectional electron microscopy, and the conductivity was corrected for the porosity using the procedure outlined by Mizusaki et al. 27 
Thermo-gravimetric analysis
Thermogravimetric measurements were performed in a NETZSCH STA 449 F3 Jupiter, using Al 2 O 3 crucibles. Buoyancy was corrected through a reference measurement. Oxygen stoichiometry was calculated from the weight loss measured in Ar/H 2 atmosphere.
Results
Cell tests
Anode supported cells with Ni-YSZ and Ni-GDC AFL were tested in a test rig using dry H 2 as fuel and laboratory air as oxidant. Figure 1 shows the current-voltage curves of two cells with Ni-GDC (red triangles) and Ni-YSZ (black squares) anode at 820°C. Apart from the anode layer, the two cells had nominally identical structures. At 820°C, the current density of the cell with Ni-GDC anode at a cell voltage of 800 mV is ~700 mA, approximately 50% of that of the cell with Ni-YSZ anode. The decreased current density motivated the following studies on the interdiffusion on YSZ and GDC and the physical properties of the 20GDC-8YSZ mixed phase.
Interdiffusion during sintering
The interdiffusion of doped zirconia with doped ceria during high temperature sintering has been the subject of a number of studies, and the high solubility of each phase in the other is well documented. 13, 18, 21, 23 The amount of interdiffusion depends on the powder properties and their processing history, as well as sintering time and temperature. It is therefore necessary to investigate the phase content as a function of temperature with the actual powders used in this study in order to obtain insight into the amount of interdiffusion that can be expected in this study. In order to investigate whether the addition of NiO influences the interdiffusion, the experiments were conducted for mixtures of equal amounts of YSZ and GDC, as well as for mixtures of YSZ and GDC with NiO. mixture. It appears that the amount of pure 20GDC (black, solid squares) decreases more rapidly than that of 8YSZ (red, solid circles), while the amount of the GDC-rich mixed phase (GDC', hollow black squares) increases faster than the amount of the YSZ-rich mixed phase (YSZ', hollow red circles). The phase content of the YSZ-GDC mixed phase (blue, solid triangles) is in between the two mixed phases with either Zr-or Ce-majority for sintering temperatures up to 1200°C. For higher sintering temperatures, only the single YSZ-GDC phase is observed. The analogous analysis for the NiO-GDC-YSZ mixtures shows a strong influence of the presence of NiO in the powder mixture, as depicted in Figure 3 b). The presence of NiO accelerates the interdiffusion kinetics of GDC and YSZ, resulting in a more complete intermixing at lower temperatures compared to the GDC-YSZ mixture. This effect could be related to an increase in grain boundary mobility and grain growth kinetics of 8YSZ in the presence of NiO. 28, 29 The experimental procedure employed does not allow to determine a priori whether the observed intermixing is limited kinetically (the system strives for equilibrium, but does not reach it in the given timeframe) or reaches thermodynamical equilibrium for each investigated temperature. Further experiments show that the phase composition is a function of annealing time as well as temperature (data not shown), therefore it is conceivable that the GDC' and YSZ' phases are kinetically stabilized intermediates. This is in line with the expectations for a diffusion-driven intermixing.
Reducibility
In order to investigate the reducibility of YSZ-GDC solid solutions, ceramic samples were reduced at 900°C for 3 hours in Ar/H 2 . The valence state of the Ce-ions of the reduced samples was investigated by XPS. Using peak fitting routines, it is possible to quantify the amount of tri-and tetravalent ceria ions in the surface region of each sample. Using the electroneutrality condition:
the ratio of Ce 3+ /Ce 4+ ions ( ′ and in Kroeger-Vink notation, respectively) can be used to calculate the oxygen non-stoichiometry  in YSZ-GDC.
The Ce 3d spectrum exhibits a complex shape for mixed valence compounds. The Ce 3d level is split into a doublet (denoted as u and v) by the spin orbit interaction. In addition, each doublet shows multiple emission lines related to different final states of the excitation process, with Ce 3+ showing 2 multiplets and Ce 4+ showing 3 multiplets per spin-orbit split state. For mixed-valence ceria compounds, a physically correct description therefore contains a total of 10 emission lines that make up the Ce 3d spectrum. 30 Emission lines corresponding to Ce 3+ are denoted as v 0 , v', u 0 and u', whereas those corresponding to Ce 4+ are denoted as v, v'',v''', u, u'' and u''' (in order of ascending binding energy). Figure 4 shows an exemplary Ce 3d spectrum of an YSZ-GDC powder mixture that was sintered at 1400°C
and reduced at 900°C. Due to the inherent widths of each emission line and the limited energy resolution of the photoelectron analyzer, there is significant overlap between the emission lines. In order to obtain a physically sound least-square fit of the experimental spectrum with these many components, it is important to reduce the amount of free fitting parameters. Table 1 shows the restrictions that were imposed upon the fit for each spectrum in order to enable the comparison of different spectra. The binding energy of the lowest-energy component of both 3d 5/2 and 3d 3/2 lines was kept as a free fitting parameter, while all other binding energies were set to defined energy distances to this component. The intensity ratio was kept at 3d 5/2 / 3d 3/2 = 1.5. In addition, it was necessary to model the background using a Shirley background function in three different regions (as indicated by the vertical dashed lines in Figure 4 ). As a consequence of these constraints, the numerical fit to the experimental data is not ideal for all spectra. However, the parameter restrictions prevent unphysical modifications to the model caused by the least-squares fit. The fits for YSZ-GDC mixtures sintered at 1200°C and 1300°C, as well as for 20GDC sintered at 1400°C, are shown in the supplementary information available online in Figures S1-S3, respectively. We note that YSZ-GDC mixtures sintered at less than 1200°C were too insulating to measure reliably with XPS, even after reduction at 900°C in Ar/H 2 , which is a result of the significant amount of the insulating 8YSZ phase that is still present in these samples (see Figure 3 a)). The XPS analysis reveals that the amount of Ce 3+ ions after reduction increases with increasing sintering temperature. Considering the XRD results, the reducibility is correlated to the amount of the YSZ-GDC mixed phase present in the sample. These findings are in line with previous findings that ceria-zirconia mixtures are more reducible than pure CeO 2 . 31, 32 Another suitable technique to quantify the oxygen loss during reduction is thermo-gravimetric analysis (TGA). Sintered samples were first ground to a powder to increase the surface area of the sample, and heated to 1100°C in air to remove residual organics and carbonates. The subsequent heat treatment switched between air and Ar/H 2 atmosphere at different temperatures. Figure 5 shows the TGA curves for 20GDC and GDC-YSZ. Knowing the relative weight loss after reduction, the oxygen non-stoichiometry  can be calculated for each compound under the assumption that the only volatile species under the experimental conditions is oxygen. Once  is known, the concentration of Ce 3+ can be calculated using equation 1 . The values of  obtained from XPS and TGA at 900°C are compared in Table 2 . YSZ-GDC and pure GDC sintered at 1400°C show a very similar degree of reduction according to both XPS and TGA.
We note that due to the fact that TGA probes the entire sample and XPS probes only a few monolayers at the sample surface, there is not a good quantitative agreement between the values derived by XPS and TGA. The fact that the surface is more deficient of oxygen than the bulk is in general agreement with the reduction behavior of oxides, however. The values derived by TGA should be regarded as more accurate in assessing the overall oxygen stoichiometry in the sample.
Conductivity
The DC conductivity of 8YSZ, 20GDC and YSZ-GDC after sintering at 1400°C in air was investigated using a 4-probe geometry in air and Ar/H 2 as a function of temperature. Figure 6 shows the isobaric measurements of 8YSZ, 20GDC, YSZ-GDC (black, red and blue symbols, respectively) in oxidized state in air (closed symbols) and in reduced state on Ar/H 2 (open symbols). The lines are a guide to the eye.
The total conductivity σ tot of mixed ionic-electronic conducting (MIEC) oxides is the sum of the partial conductivities σ i of each mobile species:
where n i , q i and µ i denote the charge carrier density, the electrical charge and the mobility, respectively, of species i. The mobility of each charge carrier species is thermally activated and can be described by the analytical relation:
where µ 0 and H m,i are the pre-exponential factor of the mobility and the migration enthalpy of species i, respectively, while k and T denote Boltzmann's constant and the absolute temperature. In the investigated temperature range, the apparent activation energy of the mobility equals the migration enthalpy, since contributions of the association enthalpy between oxygen vacancy and the ionized donors are typically observed at lower temperatures only. No changes in effective activation energy are observed in the investigated temperature range, indicating the absence of association effects.
Since the investigated ceramics are acceptor doped, all measured conductivities in the oxidized state are purely ionic, i.e. the ionic transference number τ ion = σ ion /σ tot is very close to 1. 17 Keeping in mind that the self-ionization of both ceria and zirconia is negligible at these temperatures in air ( ≪ [ ′ ]), it is possible to calculate the oxygen vacancy concentration from the charge neutrality condition given in equation 1. The pre-exponential factor µ 0 and migration enthalpy H m,V of oxygen vacancies can then be extracted from the conductivity data using equations 2 and 3.
In the reduced state, the Ce-containing ceramics show increased conductivity due to the reduction of ceria:
Due to the loss of oxygen, the concentration of oxygen vacancies is increased in the material. The compensating electrons are located on the Ce 3+ ions and can conduct electrical charge through a polaron hopping mechanism. Using TGA data to determine the oxygen vacancy concentration at 900°C in Ar/H 2 , the electron density can be calculated using equation 4 . Under the assumption that the mobility of oxygen vacancies is not affected by their increased concentration, it is then possible to calculate the preexponential factor µ 0 and migration enthalpy H m,el of the electronic charge carriers using equations 2 and 3. Table 3 summarizes the calculated parameters. Numbers printed in italics were calculated for the oxidized state and then used to calculate the ionic conductivity in the reduced state. The effective activation energy E A is also noted in Table 3 , which is identical to the migration enthalpy of oxygen vacancies in the oxidized state, but is a combination of the migration enthalpies for oxygen vacancies and electrons in the reduced state. The measurement uncertainty is + 0.01 for all values in (eV) and + 1 for all mobility values.
The extracted value for the migration enthalpy for 20GDC and 8YSZ are in good agreement with values reported in literature. 33, 34, 35 Wang et al. report a migration enthalpy for oxygen vacancies and electrons in 20GDC as 0.71 eV and 0.52 eV, respectively, in excellent agreement with both the measured and calculated result for 20GDC. 33 The YSZ-GDC system behaves analogous to pure GDC. The effective activation energy in the oxidized state agrees well with values reported in literature. 15, 16 While the effective activation energy in the reduced state is slightly higher than for 20GDC, the calculated migration enthalpy for electrons is identical within the measurement uncertainty to that of 20GDC. The mobility of electrons is significantly smaller in YSZ-GDC than in 20GDC, which is intuitive since there are fewer available Ce-sites in YSZ-GDC.
Interestingly, while the mobility of both oxygen vacancies and electrons is lower in YSZ-GDC than in pure 20GDC, the cause is different in that an increased migration enthalpy H m,V of oxygen vacancies and a reduced pre-exponential factor µ 0 for electrons is observed. The increased migration enthalpy H m,V is likely related to the increased disorder in the crystal lattice of YSZ-GDC as compared to 20GDC. The difference in ionic radii of the cations surrounding an oxygen vacancy lifts the degeneracy of the energy barriers for a jump to the adjacent sites around the vacancy, as discussed by Rührupp and Wiemhöfer. 16 In other words, the mobility of the oxygen vacancies is reduced because the local crystal structure is not isotropic around the vacancy. In contrast, the mobility of the electrons is decreased due to a decrease in the pre-exponential factor µ 0 , while the migration enthalpy of electrons is the same as that of 20GDC.
The constant migration enthalpy is not surprising, given the fact that the only available sites for electron transport are Ce ions, both in pure 20GDC and YSZ-GDC. The reduced pre-exponential factor is most likely related to the much lower availability of Ce-ions, since the amount of Ce in the lattice is approximately 35% with respect to the cation stoichiometry. It is therefore likely that there are Ce-ions in the lattice that do not have another Ce-ion as a next neighbor, effectively trapping electrons localized on the isolated Ce-ion.
Discussion
The integration of a ceria-based anode into an ASC with an 8YSZ electrolyte leads to a strong intermixing of YSZ and GDC during the high temperature sintering step necessary to densify the electrolyte. Rührupp and Wiemhöfer discussed the effect of varied Ce/Zr ratios with a fixed amount of acceptor dopants ((Ce x Zr 1-x ) 0.8 RE 0.2 O 1.9 ) on the electrical conductivity in some detail, and found a minimum of the conductivity when x = 0.5. 16 The investigation by Tsoga et al. of the physical properties of YSZ-GDC mixed phases as a function of the mixing ratio under oxidizing conditions came to the same conclusion. 15 We have therefore focused on this mixing ratio to study the reducibility and the electrical conductivity.
Going beyond the previous investigations, we have studied the YSZ-GDC mixed phase under reducing conditions since the intermixing layer is located on the fuel side of the cell.
The intermixing of the two fluorite phases YSZ and GDC is diffusion-driven and therefore the kinetics are strongly temperature dependent. Our model powder mixtures of YSZ and GDC show a complete interdiffusion after the standard electrolyte sintering procedure at 1400°C, which implies an interdiffusion zone of the order of a micrometer or larger. As a consequence, an YSZ-GDC mixed layer can be assumed to form during sintering at the contact points of AFL and electrolyte.
We therefore investigated the physical properties of the YSZ-GDC mixed phase under anode conditions, in order to assess the consequences of the intermixing process on the conductivity. Our dedicated investigation reveals that not only the ionic conductivity, but also the electronic conductivity of the GDC phase is negatively affected. This implies that beyond the reduced ionic conductivity, the advantage of using a GDC anode to extend the size of the three-phase boundaries will be negatively impacted.
The reducibility of the YSZ-GDC mixed phase is comparable to that of pure GDC, as determined by XPS and TGA. Therefore, better catalytic properties of the anode cannot reasonably be expected, in contrast to undoped CeO 2 and CeO 2 -ZrO 2 mixtures. 14
Conclusions
It is possible to examine plausible effects on the cell performance based on the material properties outlined in this paper.The impact of the GDC-YSZ interdiffusion on cell performance can be divided into the ionic conductivity of the electrolyte (ohmic resistance) and the electrochemical processes in the anode function layer (polarization resistance).
i) The ohmic resistance of the cell depends on the ionic conductivity and the thickness of the electrolyte. Since the intermixed YSZ-GDC phase shows an ionic conductivity almost an order of magnitude lower than that of YSZ at 700°C (0.0034 S/cm and 0.02 S/cm, respectively), even a small interdiffusion layer can significantly increase the electrolyte resistance. An interdiffusion layer of 1 µm thickness could thus double the ohmic resistance of a 10 µm thin supported electrolyte.
ii) The polarization resistance of the cell depends strongly on the length of the three-phase boundaries (TPBs) between the metal catalyst, the ionic conductor and the fuel gas. A major advantage of GDC is the extension of the TPBs due to the electronic conductivity under fuel atmosphere, and thus a higher density of active sites compared to YSZ-based anodes. However, the reduction in electronic as well as ionic conductivity upon diffusion of Zr into the GDC anode will reduce the electrochemical activity of the anode.
Furthermore, interdiffusion between YSZ and GDC may lead to changes in the microstructure of the AFL due to the Kirkendall effect. 21 One possible result of microstructural changes would be NiO coarsening and a concomitant reduction of the length of the TPBs. All of these effects can be expected to increase the polarization resistance of the anode.
It is beyond the scope of this investigation to pinpoint which one of the discussed mechanisms is the reason for the observed performance loss compared to a Ni-YSZ anode. The effect of the cell microstructure and the electrochemical performance of the cells with Ni-GDC anodes will be discussed in detail in a forthcoming paper. The lines are a guide to the eye. All samples were sintered in air at 1400°C. 
